This study shows how the sedimentation process in reservoirs affects the yield-spill-evaporation losses in reservoirs of Ceará State, Brazilian
Influence of sediment distribution on the relationships among reservoir yield, spill, and evaporation losses (2006) focused on the impact of sedimentation on reservoir yield.
The simple inverted conical shape described by Campos (2010) has been largely applied for studying the relationships among reservoir yield, spill and evaporation in the Brazilian Northeast, and derivations from this original form could be potentially used to describe the impact of sedimentation on reservoir operation. The use of this simplification would be beneficial, as the reservoir yield error obtained by considering the conical shape and the real height-volume curve is lower than 4% of the mean annual inflow (CAMPOS et al., 2016) . Additionally, several reservoirs in the Brazilian Northeast do not present an updated height-volume curve, so that estimates of maximum water depth and volume could be used instead for the application of the inverted conical shape method.
The present study adapted the three patterns of silting proposed by Yang (2006) to the inverted conical shape proposed by Campos (2010) 
STUDY AREA AND METHODS
The study involves five large reservoirs of the State of Ceará (Figure 1 The inflow and climatic data for all reservoirs were collected from the Water Resources Planning of the Jaguaribe River Basin (COGERH, 2000) . That represents the most consistent set of data for these reservoirs.
As most reservoirs in Ceará, these five reservoirs were classified as convex or slightly convex, according to the morphometric shapes proposed by Håkanson's (1981) . Campos et al. (2016) showed that the inverted cone described by Equation 1 fits very well the volume vs.
height curves for these two classes of reservoirs, regarding the estimation of water yield (mean error lower than 1.5%):
In which: V = the reservoir storage at height h; α = the reservoir shape factor; h = the water height from the bottom.
Sediment retention
To estimate reservoir volume changes due to silting, the P m = the total monthly precipitation; P = the mean annual precipitation (mm).
The erosivity factor of cumulative rain for each reservoir was calculated by Equation 3, using the reservoir's initial volume, and assuming a sediment retention rate ξ=3.65 x 10 -7 t.m 
Reservoir's shape and sedimentation pattern
For each reservoir, four height-volume curves were built based on the conical shape approximation. This shape fits well most reservoirs in Ceará and is considered appropriate for estimating the reservoir's relationships of yield-spill-evaporation losses (CAMPOS, 2010).
The reservoir's original shape considers the volume vs. height curve described by Equation 1. The three reservoirs' shapes after siltation (see Figure 2 ) consider different forms of sediment deposition:
• Type 1, the sediments occur parallel to the wetted perimeter;
• Type 2, the sediment layer is proportional to the water depth;
• Type 3, the sediments concentrate at the bottom of the reservoir.
Note that these forms of deposition are simplifications of the patterns observed by Yang (2006) , Araújo (2003) , and Lima Neto, Wiegand and Araújo (2011). Type 1:
Type 2:
Type 3:
Reservoir's yield estimation
The reservoir's relationships of yield-spill-evaporation losses were calculated by solving the reservoir's water budget given by Equation 8.
Some basic assumptions were made, namely: time step is one month; water released from the reservoir is constant over months; the net evaporation (evaporation minus precipitation) varies over the months but is constant over the years; the reservoir's yield is computed for steady-state conditions, to eliminate the effect of the reservoir's initial storage assumption.
In which: For 90% reliability, used in this study, the yield (Q) is equal to the mean annual net withdraw divided by 0.95.
Monte Carlo Simulation
Monte Carlo simulation has been largely applied to solve stochastic hydrology problems since its origin in 1950. In reservoir storage analysis, many authors have made important contributions, such as: Chow (1951), Thomas and Fiering (1962), Fiering (1967) , Salas and Yevjevich (1972) , Klemes (1987) , and Kuria and Vogel (2015) .
In this study, reservoir analysis using Monte Carlo simulation is performed as described by Campos, Souza Filho e Lima (2014) , in which stochastic hydrology tools and a reservoir simulation operation were used to estimate the variability of the water yield, spill and evaporation losses for each reservoir by using a FORTRAN code. The methodology has seven steps:
• Collecting the monthly reservoir inflow data (from COGERH, 2000);
• Estimating the statistical parameters of annual inflows;
• Fitting the annual inflow data to gamma probability density function, in which the inflows were assumed to be serially uncorrelated;
• Generating synthetic long term series for annual inflows (at least 80 years of data);
• Fragmenting annual inflows in a monthly basis, using the Svanidze (1980) method;
• Solving the reservoir budget (Equation 8) for a given reliability (90% in this study) by using the synthetic monthly stream flow series and the average losses of the lake (evaporation minus precipitation);
• Estimating, in steady-state conditions, the expected values of reservoir yield, evaporation and spill losses. The computational effort involved in the simulations was not significant: a few seconds for each run.
RESULTS AND DISCUSSION
This section shows the results of silting and changes in yield-spill-evaporation losses for the three forms of deposition and for the current and future scenarios. Since Cedro is the only one of the five selected reservoirs with topographic surveys over a long period after its construction, specific evaluations were carried out for it.
Erosivity estimations
Sediment deposition was estimated from Equation 2. Thus, knowing the data of original capacity (V o ), dry sediment bulk density (ρ), and sediment retention rate (ξ), the only parameter remaining for estimating the volume reduction due to siltation (∆V) is the erosivity factor of the cumulative rain (∑R). As an example, Figure 3 shows the evolution of the rainfall erosivity R for the Cedro reservoir. It is observed that the values fluctuate around a stationary mean (6,197 MJ.mm.ha
with the same behavior occurring for the other reservoirs. Thus, it was assumed that the mean erosivity can be used as a reference to estimate the silting of the five selected reservoirs over the years. Changes in the reservoirs' storage vs. height curves
Although no direct measurements of silting are available for the other reservoirs, the study by Lima Neto, Wiegand and Araújo (2011) Since the type 2 model takes up the same surface area (see Figure 2C ), the results of evaporation losses are practically invariable. Finally, the type 3 model tends to maintain the water surface at higher levels (see Figure 2C ), resulting in larger surface areas than the other types and, consequently, promoting higher evaporation losses than the original . Therefore, the results obtained here suggest that type 1, type 2, and type 3 models are potentially representing sediment distribution in reservoirs of different shapes and sizes.
On the other hand, because of silting, Figure 5 shows that spill losses are up to 85% higher than the original, with the major impacts observed for the type 1 model, followed by type 2 and type 3. Note that these spill losses increase over the years for the three sediment distribution models.
Because of the combined effects of evaporation and spill, the reservoir yield is reduced in comparison to the original situation by 6, 26, and 100%
for type 1, type 2 and type 3 models, respectively. As expected, the regulated flow also decreases with sedimentation, i.e. over the time scenarios. Figure 6 shows an overall assessment of the impact of the sediment distribution model on the water yield Q of the selected reservoirs for It is also interesting to compare our results with previous studies. In the present study (see Figure 6) 
